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a b s t r a c t
Traditional biological removal processes are limited by the low solubility of halogenated compounds in
aqueous media. A new technology appears very suitable for the remediation of these volatile organic
compounds (VOCs). Solid/gas bio-catalysis applied in VOC remediation can transform halogenated
compounds directly in the gas phase using dehydrated cells as a bio-catalyst.
The hydrolysis of volatile halogenated substrates into the corresponding alcohol was studied in a solid/
gas biofilter where lyophilised bacterial cultures were used as the catalyst. Four strains containing
dehalogenase enzymes were tested for the hydrolysis of 1-chlorobutane. The highest removal yield was
obtained using the dhaA-containing strains, the maximal reaction rate of 0.8 mmolminÿ1 gÿ1 being
observed with Escherichia coli BL21(DE3)(dhaA).
Various treatments such as cell disruption by lysozyme or alkaline gas addition in the bio-filter could
stabilise the dehalogenase activity of the bacteria. A pre-treatment of the dehydrated bacterial cells by
ammonia vapour improved the stability of the catalyst and a removal activity of 0.9 mmolminÿ1 gÿ1 was
then obtained for 60 h. Finally, the process was extended to a range of halogenated substrates including
bromo- and chloro-substrates. It was shown that the removal capacity for long halogenated compounds
(C5–C6) was greatly increased relative to traditional biological processes.
1. Introduction
Volatile organic compounds (VOCs) form one of the largest
groups of environmental pollutants as result of their widespread
use as herbicides, insecticides, fungicides, solvents, or intermedi-
ates for chemical synthesis. Their persistence and toxicity in the
environment may cause considerable environmental pollution and
human health problems (Mohn and Tiedje, 1992).
Because of their toxicity, VOC remediation has been widely
studied. These compounds are quoted by the US Environmental
Protection Agency as priority environmental pollutants (US EPA,
1990). The distribution of VOCs in the atmosphere is influenced by
their water solubility and especially by temperature (low boiling
point). In this context, various air treatments based on the physi-
cochemical properties of the pollutants have been developed.
Biological waste air treatment offers a cost-effective and envi-
ronmentally friendly alternative to conventional air pollutant
control technologies such as catalytic oxidation or adsorption on to
activated carbon (Mening et al., 1997; Cox and Deshusses, 1998).
Since their first use in industry at the end of the 1970s, biological
processes have become increasingly common in waste air treat-
ment. The principle of waste air biotransformation is based on the
oxidation of organic compounds by micro-organisms. This
biotechnological approach is an alternative technique that can
supply reliable, simple and cheap technologies for air pollutant
control (Hardman, 1991; Belkin, 1992).
Although there are many articles dealing with biofilters (solid/
liquid/gas bioreactor), there are few reports on waste air treatment
by other biological processes, especially on the direct treatment of
gaseous effluents by a solid/gas technology. Recently, we have
described the ability of dehydrated Rhodococcus erythropolisNCIMB
13064 cells to transform halogenated alkanes to their correspond-
ing alcohols and HCl in a solid/gas biofilter (Erable et al., 2004). The
solid/gas biofilter presents numerous advantages over the standard
solid/liquid/gas biofilter: (i) there are no problems with the solu-
bility of substrates and/or the products; (ii) diffusion in the gaseous
phase is more efficient than in solution, making mass transfers
more efficient; (iii) biomass development is not limiting since the
dehydrated cells cannot grow; (iv) no addition of expensive nutri-
ents is required to maintain cell viability (Lamare and Legoy, 1993;
Erable et al., 2005).
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The purpose of this article is to compare the ability of four
different strains of dehalogenating bacteria to transform volatile
halogenated substrates in a continuous solid/gas biofilter. The
stability of this new remediation process and its extension to
various substrates are also investigated.
2. Materials and methods
2.1. Micro-organisms, culture conditions and chemicals
R. erythropolis NCIMB 13064, Xanthobacter autotrophicus GJ10,
and two recombinant strains of Escherichia coli BL21(DE3) con-
taining the gene of the R. erythropolis NCIMB 13064 [E. coli
BL21(DE3)(dhaA)] or X. autotrophicus GJ10 [E. coli(DE3)(DhlA)]
dehalogenase were used for this study.
The bacterial strain of X. autotrophicus GJ10 and the two E. coli
BL21 were a gift from Prof. D.B. Janssen, Department of Biochem-
istry, Groningen Biotechnology Center, University of Groningen,
Netherlands. X. autotrophicus GJ10 was grown in 1 L aerobic flasks
containing 200 mL of Luria Bertani (LB) medium at pH 7.0. The LB
Medium had the following composition (g/L): 10.0 Tryptone, 5.0
Yeast extract, and 5.0 NaCl. The medium was sterilised by auto-
claving for 15 min at 121 C.
R. erythropolis NCIMB 13064 was obtained from the National
Collection of Industrial and Marine Bacteria Ltd., Aberdeen, Scot-
land. The organismwas grown in 1 L Erlenmeyer flasks sealed with
Teflon lined screw caps; the flasks contained 200 mL of a minimal
medium described by Sorkhoh et al. (1991) at pH 7.0. After cooling,
100 mL of filtered-sterilised 1-chlorobutanewas added twice as sole
carbon source.
E. coli BL21(DE3)(DhlA) and E. coli BL21(DE3)(dhaA) were grown
in 1 L aerobic flasks containing 200 mL of Luria Bertani (LB)
medium at pH 7.0 and IPTG was added after 3 h of incubation to
induce dehalogenase over expression.
All the Bacterial cultures were incubated at 30 C on an orbital
shaker (160 rpm). Cell growth was monitored by measuring the
optical density at 690 nm. After 48 h of growth, cells were har-
vested by centrifugation at 8000 rpm for 10 min.
All substrates were purchased from Sigma Co. (USA) except
Tryptone and Yeast extract, which were obtained from Fluka (USA).
Deionisedwaterwasobtained via aMilli-Q system (Millipore, France).
2.2. Preparation of cells
Cells grown for 48 h were harvested by centrifugation
(8000 rpm for 10 min), washed with 50 mM Tris/HCl buffer at pH
8.4 (X. autotrophicus and the corresponding E. coli
BL21(DE3)(DhlA)) and at pH 9.0 (R. erythropolis and the corre-
sponding E. coli BL21(DE3)(dhaA)) and resuspended in 50 mM Tris/
HCl buffer at the same pH. Part of the cellular suspension was
freeze-dried and used for 1-chlorobutane conversion tests in
a solid/gas biofilter while the other part was used to measure the
haloalkane dehalogenase activities of resting cells in the aqueous
phase.
2.3. Lysozyme treatment
The cells of E. coli BL21(DE3)(dhaA) were disrupted by treatment
with lysozyme (obtained from Sigma Chemical Co., USA.). 200 mg
of lysozyme was added to 600 mg of harvested cells that had been
washed and resuspended in 30 mL of Tris/HCl buffer (50 mM at pH
9.0). After 15 min of incubation at 30 C, part of the preparationwas
frozen at ÿ20 C and lyophilised.
2.4. Enzyme assay for dehalogenation in the solid/gas biofilter
The solid/gas biofilter used in this study was described previ-
ously by Lamare and Legoy (1995). It consists of a 9-cm-long glass
tube in which the lyophilised cells are packed between two layers
of glass wool. Substrate feeding was obtained by flowing nitrogen,
used as a carrier gas, through the substrate saturation flasks.
Substrates were continuously passed through the biofilter and
reacted with the lyophilised cells. The gas leaving the biofilter was
analysed by gas chromatography. The acquisition and control of the
operating parameters (substrate thermodynamic activity, water
thermodynamic activity (aw), temperature, and pressure) were
monitored on line as shown in Fig. 1.
The thermodynamic activity of each compound (X) in the
reactor was calculated as follows:
ax ¼
Ppx
PpSatx
with Ppx: Partial pressure of compound X in the gas entering the
biofilter; PpSatx : Saturation vapour pressure of pure compound X
(atm) at the operating temperature.
The vapour phase leaving the biofilter was sampled using a 250-
mL loop on a six-way valve (Valco) maintained at 190 C. Samples
were automatically injected into the split injector of a gas
chromatograph.
A typical test was carried out at 40 C, with 100 mg of dehy-
drated cells. The total flow passing into the biofilter was
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Fig. 1. Schematic representation of the non-conventional gas phase biofilter.
500 mmolminÿ1, the 1-chlorobutane thermodynamic activity (acl-
but) and the water thermodynamic activity (aw) were fixed at 0.15
and 0.8 respectively. With these experimental conditions, 1-chlor-
obutane was transformed into butan-1-ol. The alcohol concentra-
tion was expressed in mmol of butan-1-ol per minute and per gram
of cells.
2.5. Chromatographic analysis
Analyses were performed on a gas chromatograph (Hewlett
Packard model 5890 A), equipped with a Flame Ionisation Detector
(FID). The column used was an OV 1701 fused silica capillary
column (25 m 0.25 mm i.d. 0.25 mmfilm thickness; Chrompack,
France). The split ratiowas 43.2/2.7. The injector was kept at 200 C,
and the detector was kept at 250 C. The column temperature was
held at 40 C for 2.5 min, then programmed to increase by
15 Cminÿ1 to 110 C. It was kept at this temperature for 1 min.
Nitrogen was used as a carrier gas and the flow rate in the column
was 2.7 mLminÿ1. Hydrogen and air were supplied to the FID at 38
and 398 mLminÿ1 respectively. Quantitative data were obtained
after integration on an HP 3396A integrator.
3. Results and discussion
3.1. Behaviour of dehalogenating bacteria in the gas phase
The ability of dehydrated cells to transform halogenated
compounds directly in the gas phase has already been demon-
strated with R. erythropolis (Erable et al., 2004, 2005) and with X.
autotrophicus (data not published). Two strains of E. coli BL21(DE3),
one containing the dehalogenase gene from R. erythropolis strain
(dhaA) and the other the gene from X. autotrophicus strain
(DhlA) were tested in a solid/gas bio-filter. The behaviour of the
four dehydrated strains, R. erythropolis, X. autotrophicus, E. coli
BL21(DE3)(DhlA), and E. coli BL21(DE3)(dhaA) were compared for
1-chlorobutane dehalogenation in the gas phase. Each strain was
tested in previously determined optimal conditions (temperature,
water thermodynamic activity, substrate thermodynamic activity,.)
(Erable et al., 2004). The results obtained for each strain are presented
in Fig. 2.
Several observations can be made: (i) The two strains producing
the dehalogenase from R. erythropolis showed better 1-chlor-
obutane maximal conversion than those containing the dehaloge-
nase from X. autotrophicus. (ii) The strains containing the same
dehalogenating enzyme presented similar maximal reaction rates.
(iii) The variation of the reaction rate had an identical profile for the
four strains tested. First, an increase in the butanol produced was
observed until a maximum was reached, then, after 200 min of
reaction, the production of the butan-1-ol decreased rapidly. HCl
co-produced during the reaction was responsible for this loss of
dehalogenase activity (Dravis et al., 2000; Erable et al., 2005). Its
accumulation in the dehydrated cells changed the local pH around
the dehalogenating enzyme. Moreover the Clÿ is known to be an
uncompetitive inhibitor of various haloalkane dehalogenases
(Schindler et al., 1999). Some cell treatments could prevent this
deactivation effect and have a profitable influence on the stability of
the catalytic system.
3.2. Stabilisation of the cells’ dehalogenase activity
In a previous study, Erable et al. (2004) showed that it was
possible to stabilise the dehalogenase activity of R. erythropolis
dehydrated cells with a lysozyme treatment before their dehydra-
tion. Continuous treatment with triethylamine during the reaction
in the gas/phase biofilter could also prevent the deactivation of the
dehalogenase activity (Erable et al., 2004, 2005).
In this study, different treatments before or after dehydration
were tested in the aim of increasing the stability and the activity of
the dehydrated cells of E. coli BL21(DE3)(dhaA). The reactions were
conducted at 40 C with 100 mg of cells packed into the biofilter.
The total flow passing into the biofilter was fixed at
500 mmolminÿ1 with a 1-chlorobutane thermodynamic activity of
0.06 and a water thermodynamic activity of 0.7.
Thebest results, obtainedwith a treatmentwith lyzozymebefore
dehydration and with a continuous pre-treatment by addition of
volatile ammonia for 200 min in the solid/gas biofilter, arepresented
in Fig. 3. The use of lysozyme before dehydration led to a higher
maximal reaction rate and stabilised the dehalogenating system for
1000 min. The same observation has been reported with the R.
erythropolis dehydrated cells treated with lysozyme before dehy-
dration (Erable et al., 2004). The effect of 200 min of volatile
ammonia addition in thebio-filterwas amore interesting treatment.
In fact, the addition of volatile ammonia in the system before the
start of the dehalogenating reaction increased themaximal reaction
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Fig. 2. Behaviour of four dehalogenating bacteria in the gas phase for the hydrolysis of
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Fig. 3. Optimisation of the stability of E. coli BL21(DE3)(dhaA) dehalogenase activity.
rate and stabilised the dehalogenase activity for over 3500 min.
Ammonia acts as a volatile buffer that controls local pH and the
ionisation state of the dehalogenase and prevents the inhibition of
the dehalogenase. This phenomenon has been described for free
haloalkane dehalogenase in the gas phase (Dravis et al., 2000).
This pre-treatment of the dehydrated cells by volatile base
addition led to a great and interesting stability of this new reme-
diation process. The gas-phase system could be extended to other
polluting halogenated compounds.
3.3. Application to other halogenated substrates
R. erythropolis haloalkane dehalogenase is known to transform
different halogenated compounds into the corresponding alcohols.
Several studies have dealt with the conversion of halogenated
substrates using resting cells or pure enzyme (Stafford,1993; Dravis
et al., 2000) but nothing has been reported for dehydrated cells in
the gas phase.
The ability of R. erythropolis dehydrated cells to dehalogenate
a range of halogenated substrates in the solid/gas biofilter is
reported in Table 1. For these experiments, the biofilter was packed
with 100 mg of dehydrated cells and was fed with either 1-chlor-
obutane, 1-chloropentane, 1-chlolrohexane, 1-bromobutane, or
1-bromohexane at a thermodynamic activity of 0.06. The temper-
ature was fixed at 40 C and the flow passing into the biofilter was
500 mmol minÿ1.
In solid/gas bio-catalysis, a preference for C5 and C6 halogenated
compounds was observed. The data obtained in the aqueous phase
demonstrated that the dehalogenase of R. erythropolis had a pref-
erence for short-chain compounds and for terminally substituted
substrates (Stafford,1993; Curragh et al., 1994; Armfield et al., 1995;
Erable et al., 2004). Dehalogenase activity increased as the size of
the halogenated compounds increased in the gas phase. This
observation could be very interesting for remediation applications
since long-chain compounds have a low water solubility which
leads to difficulties in removing them by conventional biofiltration.
The possibility of extending the solid/gas biofiltration to other,
longer substrates was demonstrated and confirmed the interest of
this process in polluted effluent treatment.
4. Conclusion
Solid/gas bio-catalysis applied in environmental remediation
could be interesting for polluted air treatment. The ability of dehy-
drated bacteria to transform volatile halogenated compounds
directly in the gas phase has been demonstrated. E. coli
BL21(DE3)(dhaA) presented the best dehalogenase activity to
transformvolatile 1-chlorobutane into the corresponding alcohol. A
decrease of the stability of dehydrated cells was observed in the
biofilter and could be limited by volatile ammonia addition or bycell
permeabilisation. The cells producing dehalogenase from R. eryth-
ropolis are able to transform an interesting range of chlorinated or
brominated volatile compounds that have low solubility in water.
In the usual biological process for halogenated compound
remediation, the dehalogenation is often the limiting step. In this
context, the treatment by solid/gas bio-catalysis is very interesting
for this first step of dehalogenation. In addition, the technique
could transform various halogenated pollutants and the range
could be completed with other micro-organisms having different
affinities. Then, we can imagine inserting this new biofilter
upstream of a traditional liquid biofilter.
Acknowledgements
We thank D.B. Janssen (Department of Biochemistry, Groningen
Biotechnology Center, University of Groningen) for providing the
Xanthobacter autotrophicus GJ10 and the two Escherichia coli
BL21(DE3) strains. The partial financial support for this work by the
Agence De l’Environnement et de la Maitrise de l’Energie (ADEME)
and the Poitou Charente region is gratefully acknowledged.
References
Armfield, S.J., Sallis, P., Baker, P.B., Bull, A.T., Hardman, D.J., 1995. Dehalogenation of
haloalkanes by Rhodococcus erythropolis Y2. Biodegradation 6, 237–246.
Belkin, S., 1992. Biodegradation of haloalkanes. Biodegradation 3, 299–313.
Cox, H.H.J., Deshusses, M.A., 1998. Biological waste air treatment in bio-trickling
filters. Curr. Opin. Biotechnol. 9, 256–262.
Curragh, H., Flynn, O., Larkin, M.J., Stafford, T.M., Hamilton, J.T.G., Harper, D.B., 1994.
Haloalkane degradation and assimilation by Rhodococcus rhodochrous NCIMB
13064. Microbiology 140, 1433–1442.
Dravis, B.C., Lejeune, K.E., Heltro, A.D., Russel, A.J., 2000. Enzymatic dehalogenation
of gas phase substrates with haloalkane dehalogenase. Biotechnol. Bioeng. 69,
235–241.
Erable, B., Goubet, I., Maugard, T., Lamare, S., Legoy, M.D., 2004. Haloalkane
hydrolysis by Rhodococcus erythropolis cells: comparison of conventional
aqueous phase dehalogenation and nonconventional gas phase dehalogenation.
Biotechnol. Bioeng. 86, 47–54.
Erable, B., Maugard, T., Goubet, I., Lamare, S., Legoy, M.D., 2005. Biotransformation
of halogenated compounds by lyophilised cells of Rhodococcus erythropolis in
a continuous solid-gas biofilter. Process Biochem. 40, 45–51.
Hardman, D.J., 1991. Biotransformation of halogenated compounds. Crit. Rev. Bio-
technol. 1, 1–40.
Lamare, S., Legoy, M.D., 1993. Biocatalysis in the gas phase. Trends Biotechnol. 11,
413–418.
Lamare, S., Legoy, M.D., 1995. Solid/gas biocatalysis how to fully define the system?
Biotechnol. Tech. 9, 127–132.
Mening, H., Krill, H., Ja¨schke, T., 1997. Kosten und Effizienz biologisher Ver-
fahren im Vergleich zum anderen Abluftreinigungssystemen. In:
Prins, W.L., Van Ham, J. (Eds.), Biological Waste Gas Cleaning. Proceedings
of an International Symposium Maastricht, The Netherlands, 28–29 April
1997, p. 27.
Mohn, W.W., Tiedje, J.M., 1992. Anaerobic biodegradation of chlorinated benzoates.
Microbiol. Rev. 56, 482–507.
Schindler, J.F., Naranjo, P.A., Honaberger, D.A., Chang, C., Brainard, J.R.,
Vanderberg, L.A., Unkefer, C.J., 1999. Haloalkane dehalogenases: steady-state
kinetics and halide inhibition. Biochemistry 38, 5772–5778.
Sorkhoh, N.A., Ghannoum,M.A., Ibrahim, A.S., Stretton, R.J., Radwan, S.S.,1991. Growth
of Candida albicans in the presence of hydrocarbons: a correlation between sterol
concentration and hydrocarbon uptake. Appl. Microbiol. Biotechnol. 34, 509–512.
Stafford, T.M., 1993. The Microbial Degradation of Chloroalkanes. PhD thesis.
Queens University of Belfast, Belfast, United Kingdom.
US EPA (United States Environmental Protection Agency), 1990. CAAA (Clean Air Act
Amendments). http://www.epa.gov/oar/caa.
Table 1
Remediation capacity for different substrates.
Boiling point (C) Water solubility (g/100 mL) Vi max (mmolminÿ1 gÿ1) 24 h of transformation (mg gÿ1 of dehydrated bacteria)
1-chlorobutane 78 0.066 1.16 155
1-chloropentane 107–108 0 2.16 332
1-chlorohexane 132–136 0 2.26 392
1-bromobutane 101–102 0 1.14 224
1-bromohexane 155 0 3.50 831
